We investigated the composition and organization of chlorophylls in monomers, trimers and oligomers (small aggregates) of the main light-harvesting complex (LHC II) isolated from marine alga, Bryopsis corticulans, using a combination of measurements with reversedphase high performance liquid chromatography (RP-HPLC) and steady-state spectroscopy of absorption, circular dichroism (CD) and low temperature fluorescence. The composition and organization of the chlorophylls in monomeric and trimeric LHC II were essentially identical to those of LHC II from higher plants. For LHC II oligomers, a large decrease of chlorophyll (Chl) b absorption and of CD signals corresponding to Chl b was consistent with the quantitative analysis of Chl b by RP-HPLC, indicating that oligomerization of the LHC II proteins significantly influenced spectroscopic properties and led to the dissociation of Chl b molecules from LHC II. Our data strongly suggested that protein oligomerization constitutes a structural basis for the decrease of Chl b molecules in LHC II of B. corticulans. The LHC II of B. corticulans might play a photoprotective role with the reduction of the ability of light absorption via alteration of its own structural conformation. D
Introduction
The light energy for the photosynthesis of plants and green algae is collected by an array of chlorophyll-binding proteins encoded by a light-harvesting complex multigene family [1] . The most abundant of the proteins is the main Photosystem II associated light-harvesting complex (LHC II) harboring about 50% of the total chlorophylls in thylakoid membranes. The structure of LHC II from spinach has recently been resolved at 2.72 2 using Xray crystallography [2] . There are three transmembrane ahelices connected by hydrophilic loops and a short amphiphylic helix exposed to the inner surface of the thylakoid membrane. Eight chlorophylls (Chls) a, six Chls b, two luteins and one neoxanthin have been identified and accurately located within one monomeric LHC II. The significant differences between the binding sites of Chl a and Chl b have also been proposed from this structural model of LHC II [2] . Except for one form of Chl b, almost all Chls b in the complex are selectively hydrogen-bonded to the polypeptides or to the coordinated water through their C7-formyls. For the selective binding of Chl a, the environment surrounding the C7-methyl groups of Chl a molecules is likely nonpolar. In the center of the complex, Chl b is in close contact with Chl a for rapid energy transfer [2] . Energy transfer from Chl b to the closely related Chl a (both compounds differ only in a formyl group instead of a methyl group at the 7-position in the chlorine ring of Chl a) [3] can take place because of the different energy contents and decay times of their excited states [4, 5] . Energy absorbed by Chl b is transferred to Chl a within less than 1 ps, while the Chl a fluorescence decay time remains 1-3 ns, as shown in the purified, detergentsolubilized LHC II [6] . Thus, the ratio of Chl a/Chl b of LHC II reflects its light absorption ability.
LHC II is not only very important for the overall lightharvesting process, but also plays an important role in various regulatory mechanisms of photosynthesis [7] . The dynamic properties of LHC II are observed when trimers form higher aggregates upon exposure to a variety of conditions. The aggregation causes non-photochemical quenching: almost all excitation energy is rapidly dissipated as heat [8, 9] . The physiological significance of this rests upon the evidence that LHC II exists in an oligomerization state in vivo [10] [11] [12] and that the regulation of LHC II in vivo is detected as a decline in the yield of chlorophyll fluorescence [13] . Therefore it has been suggested that this feature of LHC II is the basis for the control of the light-harvesting function of photosynthetic membranes [13] [14] [15] [16] .
In this work, we performed systematic comparative measurements on monomeric, trimeric and oligomeric LHC II isolated from marine green alga, Bryopsis corticulans. The Chl compositions in all three forms of LHC II were analyzed by reversed-phase high performance liquid chromatography (RP-HPLC). Spectroscopic properties, absorbance, circular dichroism and low temperature fluorescence emission were also compared within LHC II subcomplexes. Our results showed that Chl b molecules were largely dissociated from the LHC II of B. corticulans upon the oligomerization of proteins.
Materials and methods

Isolation of LHC II
B. corticulans, a shiphonous green alga, was collected in tideland near Qingdao in China. All the following procedures were performed in dim light at 4 8C.
The whole plant of the green alga was homogenized and osmotically broken in TSN buffer (10 mM Tris-HCl, pH 8.0, 200 mM sucrose, 10 mM NaCl) followed by filtration through 8 layers of gauze and centrifugation at 10,000Âg for 10 min. The pellets were suspended in 10 mM Tricine-NaOH, pH 8.0, and the broken membrane fragments were collected by centrifugation at 12,000Âg for 10 min. For selective solubilization, the membrane fragments were treated with 3% n-Octyl-h-d-glucopyranoside (OG) in TMK buffer (20 mM Tricine-NaOH, pH 8.0, 40 mM MgCl 2 , 80 mM KCl) for 15 min at a chlorophyll concentration of 1 mg/ml. After centrifugation at 180,000Âg to remove unsolubilized membrane fragments, the supernatant was subjected to liquid chromatography.
The supernatant was subjected to anion exchange chromatography on a Q Sepharose Fast Flow column (from Amersham) equilibrated with TMK buffer containing 0.05% n-Dodycel-d-Maltoside (DM) (from Sigma). The column was eluted with the same buffer at a linear gradient of 0.1-1 M NaCl. The LHC II-enriched fraction was pooled together and concentrated with AMICON Centriprep-50 (50 kDa cut off). The concentrated samples were loaded on a Superose 12 column (from Amershem Biosciences) to implement gel-filtration chromatography. The column was isocratically eluted with TMK buffer containing 0.05% DM.
To obtain LHC II in monomeric, trimeric and oligomeric forms, 1 ml of the column-purified LHC II sample was loaded on top of a linear sucrose gradient prepared with 5%-25% sucrose in TMK buffer containing 0.05% DM at a chlorophyll concentration of 1 mg/ml and centrifuged at 270,000Âg for 12 h with SW 40 rotor (from Beckman). The sucrose was removed from the collected band fractions using PD-10 column (from Amersham Biosciences).
Electrophoresis
Polypeptide composition was analyzed on 12% polyacrylamide gel containing 1% SDS and run in Laemmli system [17] . For partly denatured electrophoresis, homogeneous 12% acrylamide gel was prepared without SDS and run at 15 mA and 4 8C in the dark. Samples were loaded without SDS. The SDS concentration in the running buffer was 0.1%.
Amino acid sequencing
After SDS-PAGE, the protein plot was transferred to a polyvinylidene difluoride membrane (Millipore) for Nterminal sequence analysis by automated Edman degradation on a 477A Protein sequencer (from Applied Biosystems).
MALDI-TOF MS (matrix-assisted laser desorption ionization time-of-flight mass spectrometry)
The protein samples were prepared in 0.5% trifluoroacetic acid (TFA) (from Sigma) and desalted with ZipTipC 4 cartridges (from Millipore) prior to MS analysis. The protein solution was mixed with a matrix solution, the supernatant of a 50% acetonitrile solution saturated with sinapinic acid (from Sigma), and then air-dried on the flat surface of a stainless steel plate. Calibrations were carried out using standard bovine serum albumin. MALDI-TOF MS measurement was performed on an AXIMA-CFRTM plus MALDI-TOF mass spectrometer (from Shimadzu Co.).
HPLC analysis
Pigment analysis of the samples extracted with 80% acetone were performed by RP-HPLC on Discovery C 18 column (4.6Â250 mm I.D. from Supelco) with Waters 600 liquid chromatograph equipped with a Waters 996 photodiode array detector. The column was equilibrated with methanol for 10 min. The sample was eluted isocratically with a mobile phase consisting of acetonitrile:methanol:1,2-dichloroethane (60:35:5, v/v/v) to which 0.1% BHT (butylated hydroxytoluene), 0.1% triethylamine and 0.05 M of ammonium acetate (in methanol) were added, with a flow rate of 1 ml/min. The peaks were detected at a wavelength of 440 nm. RP-HPLC was performed at room temperature. The flow rate was 1 ml/min. All solvents were of HPLC grade and purchased from Fisher. Chlorophyll standards were from Sigma.
Spectroscopy
Room-temperature absorption spectrum was recorded on an UVKON-943 double beam UV/VIS spectrophotometer at a spectral bandwidth of 2 nm. The fluorescence emission spectra were recorded for the fluorescence excitation at 436 nm, with an emission band pass of 0.2 nm, in a Hitachi F-4500 fluorometer at 77 K. The chlorophyll content was adjusted to 15 Ag/ml. Circular dichroism (CD) spectra were measured at room temperature with a Jasco-720 dichrograph using a bandpass of 0.5 nm and were expressed in units of absorbance.
Results
LHC II characterization
LHC II was isolated directly from thylakoid membranes of B. corticulans by two consecutive runs of anion exchange chromatography on Q Sepharose Fast Flow column and gel-filtration chromatography on Superose 12 column. The analysis of SDS-PAGE of membrane extracts and of LHC II enriched fractions respectively from Q Sepharose column and Superose 12 column (Fig. 1) indicated that the purification method described in Materials and methods was effective for the isolation of LHC II from the thylakoid membranes of B. corticulans by a direct method, which is faster and readily controlled. Monomeric, trimeric and oligomeric subcomplexes of LHC II were separated from the LHC II mix by sucrose gradient ultracentrifugation ( Fig. 2A) . To assess the fractions harvested from the sucrose density gradient, the fractions harvested from the sucrose density gradient were subjected to partially denaturing gel electrophoresis. In this experiment, the samples from band oligomer-1 and band oligomer-2 were put together and loaded on the rightmost lane of the gel. The migration of the fractions on the gel showed that oligomers stayed at the top, and trimers and monomers moved to the bottom (Fig. 2B) .
The obtained monomeric, trimeric and oligomeric forms of LHC II were dissolved in TMK buffer containing 0.05% DM. No precipitate was observed in LHC II oligomer preparation, suggesting that oligomers are likely in conditions with little aggregation. Upon oligomerization, the fluorescence of chlorophylls were approximately 80% quenched compared to the trimer (Fig. 3) . This is consistent with the previous reports that light-induced Chl a fluorescence quenching in LHC II from higher plants takes place in its aggregation state and in the presence of molecular oxygen [8, 9, 18] .
Since the molecular weights of LHC II proteins are in a narrow region, the individual proteins are difficult to identify on mini SDS-PAGE gel. In this study, we tried to resolve the proteins on elongated SDS-PAGE gel (Fig. 4A ) and identify them with MALDI-TOF mass spectrometry. The MALDI-TOF mass spectrometry experiments performed on the thickest protein bands of trimeric and oligomeric LHC II gave similar molecular mass values of (37,202F200) Da and (37,322F200) Da, respectively (Fig.  4B, C) . Comparison of the positions of the m/z peaks in the mass spectrum of the oligomeric LHC II (Fig. 4C) with those of the trimeric one (Fig. 4B) showed that the oligomer had the same protein composition as that of the trimer, indicating that oligomers were probably formed from trimers. The molecular mass values of 27 kDa and 31 kDa bands on SDS-PAGE gel were given by MALDI-TOF mass spectra as 32 kDa and 37 kDa, respectively. Since the migration of proteins on SDS-PAGE gel could be influenced by its conformational alteration [19] , the real molecular mass values of the proteins within 27 kDa and 31 kDa bands should be 32 kDa and 37 kDa, respectively, according to the results from MALDI-TOF MS.
The 37 kDa protein was resolved on SDS-PAGE gel as a band much thicker than the others (Fig. 4A) , indicating that the purified LHC II was composed mainly of this protein.
Edman sequencing was carried out with the protein, and its N-terminal amino acid sequence was determined as VEFYGPDRALWLGPYSEGAVPSYLTGETPGDY. This sequence shows very strong identities with the major light harvesting complex protein of Bryopsis maxima (87%) [20] , Chlamydomonas reinhardtii (81%) [21] , maize (75%) [22] and pea (72%) [23] (Fig. 5) , indicating that this N-terminal sequence is homologous to LHC II proteins from other green algae and higher plants.
Chlorophyll composition
The absorption spectra of monomeric and trimeric LHC II showed a Q y absorption band of the main Chl a at 672 nm well separated from the Chl b peak at 654 nm, indicating that they are similar to that of LHC II from higher plants. However, a 4 nm red shift of Chl a absorption and a large decrease of Chl b absorption were observed in oligomeric LHC II (Fig. 6) . The pigment compositions of monomeric, trimeric and oligomeric LHC II were determined by RP-HPLC (Fig. 7) . Based on the structural model of spinach LHC II [2] and mutational studies [24, 25] , we assumed that each LHC II monomer contained 8 Chl a molecules. Therefore, we calculated the number of bound Chl b molecules in monomeric, trimeric and oligomeric LHC II on the basis of 8 Chl a molecules/monomer. In the case of the monomer and trimer, 6 and 7 molecules of Chl b were involved in the LHC II monomer and trimer, respectively. The ratios of Chl a/Chl b of monomeric and trimeric LHC II were calculated as 1.4 and 1.2, respectively (calculated with the peak areas of Chl a and Chl b performed on chromatograms of reversed-phase HPLC). They were similar to that of the LHC II from higher plants [26] . For the oligomer, it was estimated that there were 2 molecules of Chl b, raising the Chl a/Chl b ratio to 4.2. 
Chlorophyll organization
Circular dichroism (CD) is a powerful technique for structural analysis of biological systems, and can provide insight into the molecular architecture of photosynthetic antenna systems. Therefore, CD spectroscopy was used to investigate the organization of pigments bound to the proteins. The CD spectrum of the purified monomeric and trimeric LHC II (Fig. 8A) closely resembled those previously reported for LHC II from higher plants [27] [28] [29] . However, pronounced alterations of signals belonging to Chl b and carotenoids were observed in the CD spectrum of oligomeric LHC II (Fig. 8) . The bands at 480 nm (+), 474 nm (À) and 486 nm (À) in the Soret region and 649 nm (À) in the Q y region were largely decreased in the LHC II oligomers. Small splitting bands at 633 nm (+) and 641 nm (À) were observed in the oligomers but not in the trimers. This discrepancy can be explained by the fact that these bands might be overlaid by the big band at 649 nm (À) in the spectrum of the trimers. Unlike the large reduction of CD signals of Chl b, less changes in the altitude at Chl a signals at 443 (+) nm and a pair of splitting bands at 663 (+) and 679 (À) nm were observed in the CD spectrum of the oligomeric LHC II.
Discussion
The combined measurements of RP-HPLC, absorption and circular dichroism spectroscopy provided a sensitive tool for monitoring the alterations of composition and organization of Chl b in LHC II upon a change in the state of aggregation. A red shifted Chl a absorption may arise from alterations in pigment-pigment and/or pigmentprotein interactions in LHC II oligomers. This assumption is consistent with the formation of a Chl dimmer of the kind that has been shown in model systems to be a quencher [30] . A comparison of the absorption spectrum of the oligomer with those of the monomer and trimer shows that oligomerization not only shifts the Q y -absorption of Chl a to the red by 4 nm, but also largely reduces the Chl b absorption (Fig. 6 ). This small shift indicates that strong excitonic interactions of Chl a molecules between neighboring trimers of the oligomer did not exist and, furthermore, that oligomerization did not alter Chl aprotein interactions of the trimer to a significant extent. Nevertheless, a large decrease of Chl b absorption and an unusual increase of the ratio of Chl a/Chl b in the oligomeric LHC II (Figs. 6 and 7 ) revealed a new finding: In the Bryopsis LHC II, Chl b was largely lost upon oligomerization. This has never been reported in LHC II from other green algae and higher plants. The strong support for oligomerization having an effect on the organization of Chl b molecules was provided by CD spectra (Fig. 8) . The bands at 472 nm (À) and 480 nm (+) may originate from the excitonic interactions involving Chl b molecules. In oligomers, the significantly decreased altitudes of the bands at 472 nm (À) and 480 nm (+) in CD spectrum in the Soret region and at 649 nm (À) in the Q y region indicate that organizational alterations of Chl b molecules occurred in LHC II upon the oligomerization of proteins. We also noted a decrease of the CD signal at 486 nm (À) assigned to carotenoids, indicating that the organizational alterations also happened on carotenoids in oligomers. The composition of the carotenoids changed upon the oligomerization of the LHC II of B. corticulans. The significant difference between the oligomeric and trimeric LHC II is that two carotene components were found in the oligomeric LHC II (Fig. 7) . There are no previous reports of a carotene component involved in LHC II. Thus, in B. corticulans, the oligomerization of proteins led to great changes in the composition and organization of pigments in LHC II. Further studies are in progress to identify the two components of carotene, and the results will be discussed in another paper.
The pigment stoichiometry holds true for LHC II isolated from a wide range of higher plants, indicating a high selectivity of binding sites for either Chl a or Chl b. On the other hand, the successful reconstitution of recombinant LHC II with various Chl a/Chl b ratios suggests that at least some of the Chl-binding sites exhibit little or no selectivity [31] . The identification of Glu-139 (Chl b5) as a Chl abinding site and the observation of His-212 (Chl b3) and Gln-197 (Chl a3) being mixed binding [24] or even Chl a sites [25] suggest that the number of Chl b binding sites with known ligands could be decreased as suggested on the basis of the model of the atomic structure to one location (Gln-131, Chl b6), which indeed was shown to bind Chl b [2, 24] . The significant loss of Chl b from LHC II observed in this study might have been due to changes in the promiscuous chlorophyll binding sites upon the oligomerization of LHC II proteins.
Despite the similarity of absorption and fluorescence emission of trimeric LHC II of B. corticulans with those of LHC II trimers from higher plants, there are significant differences in their protein composition. The Bryopsis LHC II has two proteins of 32 and 37 kDa never found in the photosynthetic antenna complexes from higher plants, as well as four polypeptides of apparently similar molecular weights to those from higher plants (Fig. 4) , in which the 37 kDa protein was in the highest proportion. In higher plants, LHC II are composed of apoproteins of Lhcb1, Lhcb2 and Lhcb3 with the molecular weights in the range of 22-29 kDa [32] . However, this explanation cannot be extended to Wavelength (nm) green algae [33] . It is likely that some of the green algal LHC II proteins would be the functional homologues to some of the higher plant proteins, but little or nothing is known about their functions or their role in the construction of LHC II at the present time. Durnford et al. reported that green algae do not have the three types of LHC II polypeptides Lhcb1, Lhcb2 and Lhcb3 that are present in higher plants [34] . In the purified LHC II of B. corticulans, the 37 kDa protein was the dominant proportion of the proteins involved in monomeric, trimeric and oligomeric LHC II. Therefore, the dissociation of Chl b molecules probably occurred within this protein.
B. corticulans is a marine green alga growing between the 3.0 ft and À1.5 ft tide levels on the vertical sides of rocks in coastal areas. The alga is immersed in the sea with the arrival of waves and is exposed to excessive light irradiation with the retreat of waves. Therefore, the lightharvesting antenna complex of this alga might have some unique mechanism to adapt to changing light. The results described in this paper have shown a strong and specific dependence of dissociation of Chl b from the main peripheral light-harvesting complex isolated from B. corticulans upon the oligomerization of proteins. The bound Chl b molecules are of critical importance in the light absorption of antenna complexes. The decrease of Chl b molecules from the antenna complex reduces the ability of light absorption and therefore provides photoprotection of the photosystems from high light irradiation. The evidence for the dissociation of Chl b from LHC II in the oligomerization state suggests that the LHC II of B. corticulans plays a photoprotective role by reducing its light absorption capabilities by altering its own structural conformation.
